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ABSTRACT In the Comments to a recent study by Elgeti, Kaupp, and Gompper, the authors state that we attributed differ-
ences between our study and a previous study by Smith et al. to methodological flaws in the latter article. This interpretation
is unwarranted. However, the authors raise the interesting possibility that species-specific details of cell morphology might
account for the different predictions concerning the distance d of adhering sperm from the surface. We present new simulation
results, which show that the density distribution as a function of d strongly depends on midpiece curvature and head size.INTRODUCTIONThe swimming behavior of sperm is an important aspect of
reproduction. In pioneering experiments, Rothschild (1)
showed that sperm accumulate near surfaces. In past years,
numerical methods to simulate hydrodynamic flow have
been used to study swimming of sperm near surfaces. We
used multiparticle collision dynamics, a particle-based
mesoscale simulation technique, to study sperm accumula-
tion near surfaces (2) (referred to in this Comment as Elgeti,
Kaupp, and Gompper). Sperm adhesion is due to a combina-
tion of hydrodynamic attraction caused by a dipolar flow
field, a steric interaction due to the rodlike average shape
of sperm, and a small tilt of the sperm axis toward the
surface. The result is qualitatively consistent with the hydro-
dynamic attraction obtained by a far-field approximation
(3), and the accumulation of rodlike Brownian swimmers
near surfaces (4,5).
These predictions also agree qualitatively with a study
based on a Stokes-flow simulation (6) (referred to in this
Comment as Smith et al.). However, there are important
quantitative differences between Elgeti, Kaupp, and Gomp-
per and Smith et al.:
1. Sperm swim close to the surface in Elgeti, Kaupp, and
Gompper, yet swim at a finite distance of 15–60% of
the sperm length in Smith et al.
2. The sperm axis is slightly tilted toward the surface in El-
geti, Kaupp, and Gompper, but tilted away from the
surface in Smith et al.
Elgeti, Kaupp, and Gompper suggested two possible
explanations for these differences. First, Smith et al. found
that for ‘‘.initial (inclination) angles of 0–2, the cell
performs an oscillatory trajectory.’’ converging to a
stationary state at a fixed distance from the surface, while
‘‘.for angles of 4–6, the cell ‘rebounds’ from the surface
and escapes.’’ This led Elgeti, Kaupp, and Gompper toSubmitted December 23, 2010, and accepted for publication March 16,
2011.
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and, therefore, this state might be susceptible to fluctuations
in sperm orientation. We meant, and should have written
more precisely, weakly stable. Second, Smith et al. stated
that ‘‘.for angles of 8 or greater, the cell is predicted to
collide with the surface, before which point the current
modeling framework is no longer valid.’’ We referred to
this as ‘‘numerically unstable’’ but did not intend to suggest
a methodological flaw in the numerical approach of Smith
et al. In any case, this inherent limitation prevented Smith
et al. from studying trajectories very close to the surface.
In their Comment, Smith, Gaffney, Shum, Gadeˆlha, and
Kirkmann-Brown (denoted Smith, Gaffney et al. below)
emphasize two new and important aspects:
1. The shape and size of the sperm head, which is different
in Elgeti, Kaupp, and Gompper and Smith et al., might
play an important role.
2. Experiments of Winet et al. (7) show a broad distance
distribution, perhaps with a dip of ~30% near the surface.
ACCURACY OF MESOSCALE HYDRODYNAMICS
NEAR SURFACES
We completely agree with Smith, Gaffney et al. that any
accurate simulation of the very close interaction of a solid
body with a surface in Stokes flow is difficult, both for
continuum dynamics models and for mesoscale simulation
techniques. To verify the hydrodynamic interaction of the
flagellum beating near a planar wall, we have considered a
rod which is dragged parallel to a wall at a constant distance
h, with the force perpendicular to the rod orientation. For
this situation, analytical results within the Stokes approxi-
mation are available (8). For a rod of radius r pulled at
constant velocity U, the drag force Fx per unit length is (8)
Fx=L ¼ 4phU=ln
hn
hþ h2  r21=2o.ri: (1)
This equation applies for rod lengths L much larger than h.
The simulation results for the drag force Fx/L—extrapolateddoi: 10.1016/j.bpj.2011.03.016
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the wall are shown in Fig. 1. Excellent agreement with
Eq. 1 is obtained for hT 2a, without any adjustable param-
eters (where a is the size of the collision box in multiparticle
collision dynamics, the minimal length of hydrodynamic
resolution). For smaller distances, the friction coefficient
Fx/(UL) obtained from simulations increases less strongly
than the logarithmic divergence predicted by Eq. 1, but still
captures qualitatively the further increase with decreasing h.
For further details, see the Supporting Material of Elgeti,
Kaupp, and Gompper.
In the simulations of Elgeti, Kaupp, and Gompper, the
average distance of the flagellum to the wall is ~3a, and
the flagellum rarely comes closer to the wall than 1.5a.
We conclude that our simulation represents near-wall hydro-
dynamics quantitatively.
As a further indication of the suitability of multiparticle
collision dynamics to study the hydrodynamics of active
swimmers, we want to mention the calculation of the
velocity of sinusoidally beating flagella in a two-dimen-
sional fluid in Yang et al. (9). In this case, analytical results
for the velocity v of an infinitely long flagellum at Reynolds
number Re ¼ 0 are available (10), with
v ¼ uA
2
fl
l
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4
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!
; (2)
where l is the wavelength, u the beat frequency, and Afl the
beat amplitude of the sinusoidal wave on the flagellum.
With the parameters used in the simulations of Yang et al.
(9), a velocity v is obtained fromEq. 2, which deviates<10%
from the simulation result; the small difference can probably
be attributed to end effects, because the wavelength l equals
the flagellum length in the simulation model. This demon-
strates that the simulation model fairly well describes the
limit of low-Reynolds-number hydrodynamics of active
swimmers.1
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FIGURE 1 (Color online) Drag force Fx/L per unit length (in units of
kBT/a
2), for velocity U ¼ 0:02 ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃkBT=mp , as a function of the distance h
from a plane wall with no-slip boundary conditions (where kBT is the
thermal energy and m is the fluid-particle mass). Symbols (red) indicate
simulation results obtained from finite size scaling; the solid (blue) line
shows the theoretical expression (1) without any adjustable parameters.
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Smith, Gaffney et al. state that the experiments of Winet
et al. (7) ‘‘. provide ample evidence that the predictions
of Smith et al. are consistent with physical reality.’’ It is
therefore worthwhile to take a closer look at the experi-
mental results. Winet et al. (7) study human sperm (with a
total length of ~50 mm) in an observation chamber with
two parallel walls at a distance D ¼ 310 mm. The depth of
field for the microscope objective used was 4 mm. The anal-
ysis was restricted to those spermatozoa that remained in the
plane of focus (parallel to the wall) for at least 0.625 s and
were swimming on nearly straight trajectories with a
velocity of at least 30 mm/s, i.e., covered 18 mm. The results
of Winet et al. (7) are reproduced in Fig. 2. The data shows
a smoothly decaying density distribution, which essentially
vanishes at a distance of ~50 mm, and which has a small dip
at the surface.
To our knowledge, no other study since Winet et al. (7)
provides information on the distance of sperm from the
wall. Clearly, further experiments are needed to clarify
this issue.DENSITY DISTRIBUTIONS, HEAD SIZE,
AND IMPORTANCE OF FLUCTUATIONS
The trajectories of MCS sperm—the sperm model of Elgeti,
Kaupp, and Gompper with curved midpiece and straight tail
of high torsional stiffness—shown in Fig. 8 of Elgeti,
Kaupp, and Gompper (2) demonstrate that sperm adhesion
strongly depends on the preferred midpiece curvature
c0
(m). The corresponding probability-density distributions
in Fig. 3 illustrate that sperm are highly localized to the
surface for large c0
(m), but are only weakly adhering to the
surface for small (although nonzero) c0
(m). The broad distri-
bution is due to the rolling movement of sperm and to sperm
moving back and forth between walls. The distribution is
qualitatively similar to the experimental distributions of0
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FIGURE 2 (Color online) Density distribution P (not normalized) of
human sperm as a function of distance d from the wall (7). The total number
of sperm in the sample is 345. Values with error bars represent 2–5 samples.
The direction of the gravitational field is parallel to the walls. The dashed
(blue) line is a guide to the eye. Redrawn from Fig. 6 of Winet et al. (7).
W
e
b
3
C
05
 10
 15
 20
0  0.1  0.2  0.3  0.4  0.5
P
d/Ls
MCS 0.35
MCS 0.7
MCS 1.0
FIGURE 3 (Color online) Probability-density distribution P (of center-of-
mass position of sperm head) of simulated MCS sperm with curved mid-
piece, as a function of distance d from the wall (in units of the sperm length
Ls). Data are shown for midpiece curvatures c0
(m) ¼ 0.35 Lm1 (solid/red
line), c0
(m) ¼ 0.7 Lm1 (dashed-dotted/purple line), and c0(m) ¼ 1.0 Lm1
(dotted/blue line), where Lm is the midpiece length. The wavelength of
the tail undulations is l ¼ 2Lt/3, where Lt is the length of the active part
of the flagellum. The vertical (black) line indicates the minimal distance
from the wall due to the head size (rh ¼ 2.0a). Note that the wall separation
D equals the sperm length Ls ¼ 50a, and, therefore, is much smaller than in
the experiments of Winet et al. (7).
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FIGURE 4 (Color online) Probability-density distribution P (of center-of-
mass position of sperm head) of simulated MCS sperm with symmetric
average shape, as a function of distance d from the wall (in units of the
sperm length Ls). Data are shown for large head radius rh ¼ 2.0a (solid/
red line), small head radius rh ¼ 0.4a (dashed-dotted/purple line), and a
flagellum—without head and midpiece (dotted/blue line). All other param-
eters are the same as employed in Elgeti, Kaupp, and Gompper (2). The
wall separation D equals the sperm length. Differences between the proba-
bility distributions of different runs for the same model indicate a statistical
error of ~5% for sperm with large head, and ~15% for both sperm with
small head and for the flagellum alone.
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Comments to the Editor 2323human sperm (7). It should be noted that the investigation of
Winet et al. (7) focused on nearly straight trajectories (i.e.,
sperm with very small preferred curvature), and that the
wall separation D in the simulations (corresponding to
~50 mm) is much smaller than in the experiments.
Smith, Gaffney et al. raise an important question regarding
the effect of head size, head shape, and beat frequency.
Therefore, we have investigated the effect of head size on
the density distribution by our mesoscale simulation
approach, and present some preliminary data here for
symmetric sperm (K. Marx, Y. Yang, J. Elgeti, U. B. Kaupp,
and G. Gompper, unpublished). Sperm adhesion to surfaces
is expected to decrease for smaller head size, because the
hydrodynamic dipole strength gets reduced, and thereby
the hydrodynamic attraction; furthermore, the steric adhe-
sion effect is expected to decreasewith decreasing swimming
velocity. Indeed, for symmetric sperm, with approximately
linear trajectories, the simulation data in Fig. 4 clearly
show a broadening of the distribution; for the smaller head
size, the simulated distributions strongly resemble the exper-
imental results in Fig. 2. The hydrodynamic dipole strength
and the adhesion is reduced further by removing the passive
midpiece (see Fig. 4), which in the MCS model has a length
of 10% of the flagellum.
To obtain the probability distribution of sperm as a func-
tion of distance d from the wall, simulations equivalent to
those in Elgeti, Kaupp, and Gompper are performed. Single
sperm are initially placed at distances d0 ¼ D/8, D/4, or D/2
from the wall, with orientation parallel to the wall (where D
is the separation of the two wall). The only difference to
the MCS model of Elgeti, Kaupp, and Gompper lies in the
sperm structure. For the smaller head radius (20% of theradius used by Elgeti, Kaupp, and Gompper) only Nh ¼
12 monomers (instead of Nh¼ 163 monomers for the bigger
head) are used. For the flagellum simulations, the head is
removed completely, and the whole flagellum beats actively.
The probability distributions in Fig. 4 are then calculated as
time and ensemble averages over single sperm trajectories,
where three independent runs are performed for each param-
eter set and initial condition (with each run extending over
thousands of beats).
It is important to emphasize that such a broad distribution
of wall distances results from fluctuations. Such fluctuations
can be due to thermal noise or biochemical noise in the beat
pattern (11).CONCLUSIONS
We agree with Smith, Gaffney et al. that the head size and
head shape are important parameters for a quantitative
understanding of the swimming pattern and density distribu-
tion of sperm. We have shown that, in our model, the prob-
ability-density distribution of symmetric sperm broadens
with decreasing head size.
However, some questions remain. First, the differences in
the results of Elgeti, Kaupp, and Gompper and Smith et al.
still need an explanation. It should be possible to study the
effect of head shape and head tilt angle on the sperm
distance from the wall by the Smith et al. model, because
such head shapes have already been implemented (12).
Second, is the experimentally observed density distribution
due to an ensemble average over many sperm cells, each of
which beats and swims differently? In our opinion, this
seems to be the only explanation of how the Smith et al.Biophysical Journal 100(9) 2321–2324
2324 Comments to the Editormodel can achieve a broad distribution. Or is the broad
distribution due to fluctuations or small preferred curva-
tures, and thus rolling, of individual sperm, as the Elgeti,
Kaupp, and Gompper model suggests? We trust that precise
measurements of the trajectory of sperm with different
morphology swimming along a surface will shed light on
this old and interesting phenomenon.Jens Elgeti,yzU.BenjaminKaupp,x andGerhardGomppery*
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